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Abstract
Climate change caused by manmade greenhouse gas emissions is one of the most important
challenges facing society today. Through effective management for carbon sequestration
private agricultural lands could become an important part of the solution to this problem. This
paper explores the many different methods that farmers, ranchers, and landowners could use to
implement sequestration on their land and examines the barriers to further participation in these
projects by reviewing the challenges in the world’s current carbon offset markets and offering
possible solutions.
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Introduction
Climate change is one of the most pressing issues facing society today and is exceedingly
likely to be caused by manmade greenhouse gas emissions.1 In total, the world emits 35
billion tons of Carbon Dioxide (CO2) per year and has greatly increased the amount of
greenhouse gasses in the atmosphere.2 Growing public concern has led 139 countries and
over 700 corporations to make net-zero emissions pledges and work toward reducing use of
fossil fuels.3 Many of these pledges rely on the purchase of carbon offsets to reach net zero.
Carbon offsets are a potentially beneficial tool that can be used to alleviate climate change by
sequestering and storing CO2 or reducing emissions in another industry. While the long term
solution will be to transfer to clean forms of energy production, carbon offsets can function as
a temporary stop gap and may be useful in the future as eliminating 100% of carbon
emissions is unlikely.4 Much of the carbon offsets currently being purchased come from
emission reduction, in other words one company pays another to lower its emissions.
However, physically sequestering carbon in the natural landscape has the potential to be a
massive but largely untapped source of offsets.
In particular, private agricultural lands could be used to sequester more carbon than they
produce.5 Private lands are the largest popularly unrecognized source of conservation efforts
in the country, making up over 70% of all American land and containing much of its forests,
drinking water, critical habitat for endangered species and offering significant environmental
services.6 According to the 2017 census of agriculture only 43% of American farmers on
these lands are able to make a profit.7 Improving their profitability through the sale of carbon
offsets is one way to ensure that the conservation benefits of these lands remain. Carbon
sequestration through improved land management practices, or carbon farming, is one of the
most easily accessible forms of offsets available, yet few private landowners are
participating. This begs the question, what are the barriers to carbon farming on private
lands? This paper will provide background information on the types of terrestrial carbon
sequestration, or carbon farming, and structure of carbon markets as well as insight into the
challenges facing potential carbon farmers.
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Carbon can be sequestered from the atmosphere in a variety of ways. Many methods are
hypothetical and in early stages of scientific inquiry. The most debated of these is ocean algae
fertilization, which would increase algal populations in the world’s oceans leading to more
carbon drawdown. The downstream effects of algae fertilization are unknown however, and
could potentially lead to large scale biological problems from decreased nutrient availability
and lower levels of oxygen in ocean waters.8 Other less precarious methods, like mechanical
carbon removal, which utilizes filters to absorb carbon, are in development but remain
incredibly expensive and are not yet cost effective. In addition, these must normally be done
at the point of production and are not yet able to efficiently remove carbon from the wider
atmosphere.9
Unlike the processes outlined above, terrestrial carbon capture, the natural process of plants
removing carbon dioxide from the atmosphere, is comparably easy to implement. Through
changes in land management, carbon is drawn from the atmosphere by growing plants and
stored in their roots, stems and leaves. As humans use the plants for timber, crops, or forage,
much of the carbon remains underground in the roots, where they gradually decompose and
improve the soil organic matter (SOM). Increased SOM improves the fertility of the land, and
if left undisturbed carbon can be held underground for decades.10 Several methods of
terrestrial carbon capture can be easily implemented on a variety of lands and understanding
how they work is necessary to assess the barriers to their implementation.
Reforestation and Timber Management
Trees are the most effective carbon sequestering plants, with the world’s existing forests
capturing 1.5 times the amount of total US carbon emissions each year.11 In addition to
having extensive root systems that store carbon, wood is 50% carbon by weight and any
durable goods made from timber, such as homes and furniture, can be viewed as long term
sequestered carbon. The timber industry is one of the only carbon sink industries in the US,
capturing the equivalent of 12% of annual U.S. emissions.12 Private and public timber forests
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can be managed for carbon sequestration as well as timber production and a combination of
both could improve private land profitability.
Mixed stand forests, which consist of a variety of ages and species of trees, are best for
carbon sequestration but more difficult to manage, as they require individual tree harvesting
which takes more time.13 Single stand forests, such as the quick growing pine forests of the
Southeast, are also very effective, and may even capture more carbon than some natural
forests under the right conditions.14 Other practices can also be used to improve carbon
sequestration, including longer rotations between harvests, harvesting timber in winter, and
growing trees that are slow to mature.15 Encouraging more forests on private land is difficult
as private forest establishment is largely driven by profitability. Over the last 40 years there
has been little change in private forests, with only a 0.3% (3 million acres) increase in
forested areas since 1982.16 Improving the profitability of forestry through carbon
sequestration may encourage more landowners to transition their land to forest or better
manage their current forests for carbon farming.
Regenerative Agriculture
In addition to forests, crops have the potential to be a massive carbon store. Regenerative
agriculture focuses on building soil health by increasing soil organic matter through
minimum/no tilling, planting of cover crops, and crop rotation. Through these methods
carbon is sequestered underground and improves farm soil fertility.17 If these practices are
used on a large scale, they have the potential to capture 6-9% of US carbon emissions
annually, enough to more than offset emissions produced by the agricultural industry.18
Beyond carbon sequestration these farming practices also improve water retention, reduce
erosion, and limit fertilizer runoff.19
In spite of the many benefits of regenerative agriculture, only about 12.5% of farmers
actually use these methods.20 The profitability of these practices is debated in the literature;
with some saying that fewer inputs and increased soil fertility increases profit while others
say yields are smaller than conventional farming cutting into the already razor thin profit
margins of farmers. Another reason may be the large overlap in organic and regenerative

Penn State Extension, “How Forests Store Carbon,” September 24, 2020. https://extension.psu.edu/how-forests-store-carbon
Johnsen, K.H. et al, “Meeting Global Policy Commitments: Carbon Sequestration and Southern Pine Forests,” Journal of
Forestry Vol. 99, Issue 4, April 2001: 14-21. https://academic.oup.com/jof/article
15
Penn State Extension.
16
Wear and Bartuska.
17
Regenerative Agriculture Initiative and The Carbon Underground, “What is Regenerative Agriculture?” February 16, 2017.
https://regenerationinternational.org
18
Wiltshire, Serge and Brian Beckage. “Soil Carbon Sequestration through Regenerative Agriculture in Vermont,” PLOS
Climate, 1(4): https://journals.plos.org/climate/article?id=10.1371/journal.pclm.0000021; Bottemiller and McCrimmon.
19
Natural Resource Defense Council, “Regenerative Agriculture 101,” November 29, 2021.
https://www.nrdc.org/stories/regenerative-agriculture-101
20
A. Kassam, T. Friedrich & R. Derpsch (2018): Global spread of Conservation Agriculture, International Journal of
Environmental Studies. https://doi.org/10.1080/00207233.2018.1494927
13
14

4

practitioners; although the two are not the same they are often practiced by the same farms.21
The sale of carbon offsets may offer another income source for regenerative farmers and
encourage wider adaptation.
Adaptive Multi-Paddock Grazing
Rangeland currently covers about one-third of the United States and can also be used for
successful carbon sequestration. By mimicking the mob grazing patterns of wild herds;
ranchers are able to achieve impressive changes in their landscape.22 Adaptive multi-paddock
grazing (AMP), also known as holistic or intensive rotational grazing, requires dividing the
land into many paddocks and rotating the herd through them as needed, with the goal of using
the herd to control invasive grasses and encourage vigorous plant growth. After sufficient
grazing, the paddock is given time to recover and native plants regrow stronger than before,
including in their roots. Improved root growth increases SOM and sequesters carbon
underground.23
Numbers on current AMP grazing practice are hard to come by, but according to the Iowa
Beef Center survey only 16% of Iowa farmers used 7 or more paddocks on their grazing land.
Similarly, the Savory Institute, a nonprofit that advocates for holistic grazing, estimates that
their practices are used on less than 1% of the world’s rangelands.24 Much like regenerative
agriculture, the profitability of AMP grazing is debated in the literature. Many studies find
little improvement in yields of forage or beef, but conservation ranchers continue to swear by
the practice and analyses of landscape changes after adoption of AMP grazing show
significant improvement in conservation value.25 In spite of this debate, there is good
evidence that these methods sequester carbon and could improve profitability by offering a
source of income from carbon offsets.26
Carbon Markets: Challenges and Opportunities
Carbon offsets can be sold through either compliance or voluntary markets. Compliance
markets function under government regulations that cap the amount of carbon a firm can emit
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and allow for the purchase of offsets and trading of carbon allowances. Voluntary markets on
the other hand, function without government mandates and are where most companies
currently purchase offsets as part of their net-zero goals. Voluntary markets are a
quintessential example of an emerging market, where the lack of regulation and oversight
allows for impressive innovation as well as substantial risk of fraud. Concerns over voluntary
market offsets stem from three main areas; additionality, permanence of storage, and
verification of sequestration.27
Additionality is the concept that a conservation project must provide environmental value
beyond what was already provided before the project. For example, selling offsets for carbon
sequestered by an already existing forest would not be able to count toward lowering carbon
levels. Figuring out whether an offset project is additional, however, can be challenging.
Carbon sequestration occurs all the time from normal land management practices (i.e.
traditional farming, grazing, and forestry). Determining whether or not a new management
practice is additional requires comparing it to the hypothetical scenario where carbon offset
revenue was not available.28 In other words, if the project was not undertaken for the sole
purpose of selling carbon credits, it does not provide additionality.
The issues of verification and permanence come from the fact that emissions and
sequestration are difficult to quantify. Not all offsets are created equal, and buyers want high
quality offsets that will last for long periods of time and actually reduce greenhouse gasses;
ensuring this requires intensive tests to establish baseline carbon levels and continued
monitoring to ensure that the project actually yields an offset. Due in part to this complexity
and associated costs, sequestration on agricultural lands projects have remained a small
portion of carbon offsets.29 In total, only 2% of all carbon sequestration projects come from
agriculture.30 Including more landowners in carbon farming would help make carbon markets
a useful tool for alleviating climate change.
Barriers to Landowner Participation
Farmers and ranchers face significant barriers to participation in carbon farming.31 The
biggest reason more landowners have not adopted carbon sequestration is cost. A review of
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economic analyses of worldwide carbon farming by Tang et al, found that mitigation of costs
alone can range anywhere from $3 to $130 per acre depending on location and farming
practices.32 The few studies looking at American agriculture found a minimum mitigation
cost of $20 per acre.33 According to the Purdue Ag Barometer, a survey of agricultural issues
in the US, average payments for carbon sequestration are less than $10 per metric ton well
below what is needed to cover costs.34 In other words, in the current market carbon offset
prices are simply not high enough to make carbon farming profitable.
In large part this is due to the high transaction costs associated with carbon farming. As
mentioned earlier, carbon farming requires extensive monitoring in order to ensure that
carbon is actually sequestered. Accurate soil carbon testing requires large numbers of samples
of a single property, as the amount of carbon sequestered can vary even within small
distances. In addition, direct soil tests are not always simple and may require expensive
equipment depending on the type of sequestration practice and the depth of the roots.35 Even
though direct soil tests are the most accurate method, there is disagreement over their
precision in the literature, which disincentivizes both investors and landowners from
participating.36 In total, transaction costs, which also include insurance and regulatory
approval, add up quickly, and can make up anywhere from 25-75% of the total cost of the
project, with some analysis suggesting up to 270% of anticipated income from offset sales
goes to transaction costs.37
Implementation costs are similarly high with estimates ranging from hundreds to thousands
of dollars per hectare to change to new carbon farming land management practices.38 New
fencing, new equipment, and new plants may all be required to adopt carbon farming
45.https://www.sciencedirect.com/science/article/pii/S1877343517301604?casa_token=3qXm5a6as74AAAAA:SlpjBSdqLzHBn
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practices, something farmers are largely unwilling to purchase at current carbon prices. A
Congressional Research Service review of carbon sequestration through forests claims that
carbon offset prices would need to be above $91/ton to be profitable.39 Similarly, it is not
clear whether regenerative agriculture and AMP grazing practices can provide a profit. While
some argue that lower cost inputs, increased fertility and organic premiums allow for higher
profit, other studies show little difference in the quality of forage for grazing or
improvements in profitability.40
Other challenges to carbon farming include institutional and informational barriers.
Institutional barriers come from concerns over frequent changes in government policy.
Climate politics is divisive and massive changes in government policy can occur with each
new election. While carbon markets are largely not government controlled in the US, nations
like Australia have experienced this more directly, with continual changes in government
policy a risk for carbon farmers. Availability of information is also challenging for
prospective carbon farmers, who want reliable resources on carbon pricing, costs, and the
effect of carbon sequestration on business practices.41
Conclusion
Carbon sequestration is a potentially effective tool to lower the amount of carbon in the
atmosphere and help alleviate global warming. However, the current carbon offset market
system must be reformed significantly to make sequestration useful. There is a dual problem
in carbon offsets, that the price must be low enough to encourage their purchase, but high
enough to capture the full cost of carbon farming and incentivize sequestration. Whether or
not this contradiction can be solved within the market has yet to be seen, but advancements in
technology and reduction in other barriers can help make carbon farming easier.
One step toward solving this problem would be to lower the verification costs associated with
the intensive tests needed to measure carbon in soil. Some current carbon offset traders are
attempting to solve this problem through innovative technological solutions, including the use
of machine learning models that can better estimate sequestered carbon.42 Current research is
also working to prove the accuracy of other methods of estimation such as eddy covariance,
which measures infrared light reflection from soil; as well as carbon budgeting, which
predicts soil levels based on pre-measured sequestration capacity of individual plants and
land management practices.43 More research is needed in these areas but combining different
estimations with effective computer models may help reduce verification costs.
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Another option for decreasing transaction costs could be the valuing of co-benefits. The
literature on co-benefits of all payments for ecosystem services, including carbon
sequestration, points to massive values, including reduced soil erosion and degradation,
cleaner water, and better wildlife habitat.44 Offset markets may wish to include these co
benefits in their prices, so the value of an offset more closely resembles the true
environmental improvement of the sequestered carbon. Research shows, however, that
farmers may be more interested in the co-benefits of carbon sequestration than possible
income from carbon farming; in other words the non-monetary value from co-benefits to the
landowner may be high enough to incentivize carbon farming at some loss.45 While
calculating the true value of environmental co-benefits is daunting, this may be a reason to
support some government involvement in carbon sequestration, as co-benefits can be viewed
as a public good.
One way governments can help realize this public good is by providing reliable information.
Surveys of landowners suggest extension agents are among the most trusted government
officers in the agricultural community, and could easily fill this role.46 In addition,
government programs such as the Conservation Reserve Program and Environmental Quality
Incentives Program could be reworked to help cover the implementation costs of carbon
farming. Both Congress and the Biden Administration see potential in carbon farming and are
pushing for changes to these programs or the creation of new ones.47
Carbon offset markets are a complex system that must change significantly in order to help
alleviate climate change. Agriculture and forestry have massive potential to contribute to
lowering greenhouse gas levels but current incentives do not allow for large scale
implementation. In order to change this, more research into verification techniques along with
efforts to lower costs for producers will be required. Although carbon farming will never
completely solve climate change, it can provide many benefits beyond sequestration and will
help lower carbon levels in the atmosphere.
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